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Introduction
The determination of the mechanical properties of subduction megathrusts and forearcs is an important goal of seismotectonics for a number of reasons. First, these properties determine the mechanical coupling across the subduction zone and, as such, are thought to influence state of stress, elevation and deformation style of the continental margin (e.g., Hassani et al., 1997; Bonnardot et al., 2008; Lamb and Davis, 2003) . Second, the factors that determine the seismic potential of a subduction megathrust remain poorly understood and there are hints that the structure and mechanical state of the forearc might provide some insight. In particular, the shallower, presumably rate-strengthening portion of the megathrust is thought to possibly coincide with the extent of the outer accretionary prism, the most frontal part of the forearc formed of imbricated thrust sheets of accreted sediments, which * Corresponding author.
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is considered to deform internally (Byrne et al., 1987; Ruff and Tichelaar, 1996; Fuller et al., 2006; . The limit between the deforming wedge and the more internal stable part of the wedge would then mark the updip portion of the seismogenic zone as suggested from the correlation between the rupture extent of large megathrust earthquakes with shelf-terraces or forearc basins marked by local gravity lows (Song and Simons, 2003; Wells et al., 2003) . Splay faults are commonly observed at the backstop of the deforming wedge and their location seem to mark the updip limit of megathrust ruptures (Collot et al., 2008) . The fact that splay faults form at the transition between aseismic and seismic patches has also been observed in analog experiments (Rosenau and Oncken, 2009) . As the morphology of the deforming accretionary prism naturally evolves toward a critical geometry determined by the friction along the megathrust and the wedge strength (Davis et al., 1983 ), the frictional properties could then control both the seismogenic behavior and the forearc morphology.
In this study, we analyze the forearc structure and morphology in the area of the 27th February 2010 Mw 8.8 Maule earthquake Melnick and Echtler, 2010; Melnick et al., 2006 Melnick et al., , 2009 Geersen et al., 2011; Farías et al., 2011; Schobbenhaus and Bellizzia, 2001 ). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) to place constraints on the frictional properties of the megathrust. In the following section, we review the characteristics and the seismotectonic setting of the study area. We assess next a possible correlation between the spatial variations of the frictional properties and the mode of slip along the megathrust. To constrain the frictional properties, two different approaches are used. The first one, presented in Section 3, relies on the critical taper theory (Davis et al., 1983; Dahlen, 1984) . The second approach, applied to the deeper locked section is presented in Section 4 and relies on the limit analysis theory (Salençon, 2002; Maillot and Leroy, 2006) . It is used to retrieve spatial variations of effective basal friction required to explain the location of some documented splays faults.
Seismotectonic setting and characteristics of Maule earthquake
The Maule earthquake ruptured the Concepción segment (33 • S-38 • S) of the South America megathrust which accommodates the 65-85 mm/a convergence between the Nazca and South America plates (DeMets et al., 1994; Angermann et al., 1999) (Fig. 1) . Prior to 2010, it had last ruptured in 1835 and therefore had been identified as a seismic gap (Campos et al., 2002; Ruegg et al., 2009; Madariaga et al., 2010) . A number of coseismic slip models of the Mw 8.8 Maule earthquake have been derived (Lin et al., 2013; Delouis et al., 2010; Lorito et al., 2011; Vigny et al., 2011) . Although they vary regarding the details, most of them are quite similar to first order. In this study, we refer to the particular coseismic model of Lin et al. (2013) which was derived from seismological, GPS, inSAR and tsunami data (Fig. 1a) . Geodetic strain measured before the earthquake shows that the 80 km × 350 km rupture area coincides with a portion of the plate interface that had remained strongly locked (Moreno et al., 2010; Métois et al., 2012) . As indicated from the relatively modest tsunami, the rupture didn't reach the trench (Lorito et al., 2011; Lin et al., 2013) . The down-dip extent of the rupture follows the coastline as often observed for large megathrust earthquakes along the South America subduction zones (Ruff and Tichelaar, 1996; Sladen et al., 2010) . The southern end of the rupture coincides with the Arauco Peninsula (Fig. 1b) , an anomalous trench-coast distance and relief feature, which is known to have also acted as a barrier for past earthquakes (Lomnitz, 1970; Kaizuka et al., 1973; Melnick et al., 2009; Contreras-Reyes and Carrizo, 2011) .
The mainshock induced aftershocks including a number of events with a thrust mechanism on the plate interface in the area surrounding and adjacent to the coseismic rupture . Evidence for activation of forearc structures was also observed. These include normal faults near the town of Pichilemu which produced a major sequence of shallow aftershocks with two major events of magnitude Mw = 6.9 and 7.0 Farías et al., 2011) (Fig. 1a) . The seismicity delineates an NW trend, consistent with the location and orientation of secondary surface cracks (Farías et al., 2011) , and shows an SW dip between 40 and 83 • from the surface down to the interplate (Fig. 1a) . Evidence of activation of thrust faulting within the forearc was found on the Santa Maria island (Fig. 1b) . The elevated topography of the island itself was formed as a result of thrusting along a 72 • W dipping backthrust fault which most probably roots at depth into the megathrust (Fig. 2, top) as highlighted by the seismicity recorded before the 2010 earthquake . This backthrust fault has been interpreted as an inverted Early Pliocene normal fault related to the rift structure of the Arauco shelf basin . The island has been the focus of previous studies because of repeated earthquake-related uplift. Melnick et al. (2012) reported a 1.6 m uplift during the 2010 earthquake, Darwin (1851) measured 2.4 m to 3 m of uplift two and six weeks after the 1835 M > 8 earthquake (Lomnitz, 1970) , while Melnick et al. (2006) estimated a 6 m uplift related to the 1751 M > 8 event. The island is located close to the updip limit of the coseismic rupture (Fig. 1a) . The splay fault may have been activated during or after the mainshock.
There is additional geological evidence for active deformation of the forearc at various other places offshore and onshore. Some splay faults are documented from geophysical investigations within the accretionary prism (Melnick et al., , 2009 Geersen et al., 2011) . These thrust faults are clear indication that the outer wedge is in critical state in the sense of the critical taper theory (Fig. 2) . Both the Nahuelbuta range and the Arauco Peninsula are actively deforming as suggested from their relief and uplift documented from raised shorelines and thermochronology (Melnick et al., 2009) . The relief of the Nahuelbuta Range is twice the relief of the coastal cordillera, and its exhumation rate has been estimated to be 0.03-0.04 mm/a until 4 ± 1.2 Ma, with an increase to <0.2 mm/a since that time (Glodny et al., 2008) . At the Arauco Peninsula, the maximum uplift rate obtained is 1.8 ± 0.4 mm/a over the past 50 ka and 2.3 ± 0.2 mm/a over the past 3 ka . In the following section we use the information on the morphology, structure and deformation of the forearc to constrain its mechanical state and friction along the megathrust. We assume that the state of stress of the forearc wedge above the megathrust is limited by its brittle strength and analyze the implications for the stress level along the megathrust. The analyzed domain extends from the trench to the Nahuelbuta range. The analysis provides an estimate of the quasistatic stresses within the wedge and along the megathrust needed to bring the wedge to the verge of brittle failure. Deformation in the deeper area, where the megathrust reaches a depth of about 50 km, might in fact be ductile. The analysis still provides some insight but the inferred basal friction might then be seen as an effective basal friction, a proxy for viscous stress. However we believe that this area is still dominantly in the brittle domain based on the relatively low temperature estimated from thermokinematic modeling (less than 400 • C according to Völker et al., 2011) , the distribution of aftershocks and the time-evolution of afterslip which suggests a brittle creep mechanism (Lin et al., 2013) .
Constraints derived based on the critical taper theory
The Coulomb wedge theory considers the mechanics of an accretionary wedge as analogous to sand pushed by a moving bulldozer along a frictional décollement (Davis et al., 1983) . The wedge evolves into a critical geometry, corresponding to a point of internal state of stress for which the whole wedge including the basal décollement is on the verge of Coulomb failure. If the dé-collement is planar and material properties are homogeneous, the critical wedge is triangular for a cohesionless wedge. The conditions for stress equilibrium, Coulomb yielding of the wedge and frictional sliding along its base have an analytical solution. In fact two critical states can be defined: one in which the wedge is on the verge of failure in horizontal compression and another in which the wedge is on the verge of failure in horizontal extension. In this study, we use the solution for a cohesionless wedge established by Dahlen (1984) and generalized with a Mohr's construction by Lehner (1986) . The critical taper angle is a function of the angle Ψ B formed by the maximum principal stress σ 1 and the base of the wedge, and the angle Ψ 0 formed by σ 1 and the top of the wedge. The solution corresponding to the compressional branch is:
where the subscript c means critical and the two angles Ψ B and Ψ 0 are
The angles φ int and φ b are the internal and basal angles of friction.
They are defined as:
The two angles φ b and α introduced in (2) and (3) are such that
They account for the pore fluid pressure through the generalized internal and basal Hubbert-Rubbey fluid pressure ratios λ and λ b :
with ρ and ρ w being the densities of the wedge material and pore fluid (water), D the water depth and σ z the vertical stress.
As shown by , the solution is exact if λ = λ b , otherwise it is a valid approximation if a small taper is assumed. The reader is referred to Lehner (1986) for the full equations. For the sake of clarity, we define an effective basal friction as
The theoretical relation (1) between α and β forms a critical envelope defining three different mechanical states ( Fig. 3b ):
(1) a critical state, the wedge is on the verge of failure everywhere, in horizontal compression along the lower branch and in horizontal tension along the upper branch of the envelope. (2) a stable state, if the taper angle lies in between the envelope limits. The wedge is mechanically stable and can slide along the décollement without any internal deformation. (3) unstable state, if the taper lies outside the envelope. The Coulomb yielding limit on the strength of the wedge implies that the taper angle of a wedge in quasistatic equilibrium cannot be lower than the critical taper in compression nor higher than the critical taper in extension; a wedge lying in the area outside the envelope is therefore unstable.
As shown in the appendix, the critical taper theory holds for a curved megathrust as long as its radius of curvature is large compared to the wedge thickness.
The observed topographic slope and dip angle of the megathrust are consequently used to place constraints on the model parameters. The α-β curve describing the geometry of the forearc must lie within the area defined by the critical envelope as in the cross-section AA (Fig. 1b) in Fig. 3 . A given portion of the forearc can either be in the stable domain or in a critical state, in which case some evidence for internal deformation of the wedge would be expected. The topographic slope and the slab dip along sections across the south central Chilean forearc are thus used to determine the range of possible values of the model parameters so that the wedge is everywhere stable or in a critical state. We analyzed 300 km long profiles. To determine the topographic slope α, we used ETOPO1 (Amante and Eakins, 2009 , resolution 1 ). To filter out the high-frequency content, the topographic profiles were smoothed using a sliding window. Different smoothing functions (triangular and rectangular) and width (10, 25 and 40 km) were tested. The reader is referred to the appendix for the discussion of the details and presentation of these tests. Only the results obtained with the topography smoothed by a 25 km wide rectangular window are shown here. The slab geometry is extracted from the slab 1.0 model of Hayes et al. (2012) which is based on a large compilation of data from active source, passive seismology and position of trenches (resolution 0.02 • ).
We distinguish three different areas: the northern one corresponds to the 2010 Mw 8.8 Maule earthquake rupture, the central one to the Arauco Peninsula area, and the southern one to the northern part of the 1960 Mw 9.5 Valdivía earthquake rupture (Fig. 1a) . For each area, the upper (compression) and lower (extension) bound of acceptable effective basal friction angles as a function of the internal friction angle assuming different internal pore pressure ratios are determined (Fig. 4) .
The three areas show a similar range of acceptable parameters.
For an angle of internal friction of φ int = 35 • (μ int = 0.7) and a hy- Tighter constraints can be determined from the measured taper angle on those areas which are known to be in a critical state based on evidence of forearc deformation reviewed in the previous section. For this analysis, we considered five domains including three covering the rupture area of the Maule earthquake to capture the major lateral variations of the morphology of the forearc (Fig. 5) . We computed an average swath profile for each domain (individual profiles are shown in the supplementary material, Fig. S1 ). Inspection of profiles show that some portions seem to follow the approximately linear relationship between α and β defining the critical state (Fig. 5b) . This is particularly true for the outer wedge where there is evidence for internal thrust faulting (Fig. 2) . In the Arauco Peninsula area, the wedge seems to follow the critical state envelope from the trench to the crest of the peninsula. Another portion of the profile, farther inland corresponding to the Nahuelbuta Range, also seems to follow a critical envelope that would then require a higher basal friction.
We then mapped the zones which are presumably critical by assessing the probability that a given portion of an individual profile follows a critical envelope. In practice, we evaluate this probability based on the local linearity of the α-β curve (see the appendix). The two critical zones in the Arauco Peninsula area appear to be separated by a relative narrow stable zone.
The Valdivía segment shows some significant variability along strike, but a critical section at the front nonetheless shows up in the swath profile. A limited zone inland is possibly at criticality at the southern edge of the study area. This zone would start at the coastline.
The southernmost profile in the Maule rupture area (Fig. 2, top) , shows also that the outer wedge is critical from the trench up to the edge of the continental shelf. A second narrower critical area seems to show up further inland, starting also at the coastline. These critical zones lie in the continuity of those identified within the Arauco Peninsula area, though the intervening stable area is broader. -one at the frontal part of the forearc mainly corresponding to the accretionary prism, with wider regions in the northern part of the Maule segment, and at the Arauco Peninsula, -some portions of the Coastal Cordillera, such as the northern part of the Maule segment, the Arauco Peninsula and the Nahuelbuta range East of the peninsula, and the southern cordillera of the Valdivía segment.
All other areas are mechanically stable. Now that the presumably critical areas are identified, we proceed to retrieve the corresponding best-fitting model parameters. To do so, we first computed a mean and standard deviation for each critical zone (Fig. 5b) . We assume a density of 2800 kg/m 
The probability density distribution of the model parameters is computed based on the misfit, following Tarantola (2005) : with K the constant normalization factor of the probability over the model space:
Since the probability density has three dimensions, to visualize the results, 1D marginal probabilities are calculated from integrations over two model space parameters. These marginal probabilities provide the distributions of one parameter independently of others, also named 1D marginal probability density (Fig. 6) , for instance for φ int :
The pore fluid pressure ratio is loosely constrained but consistently shows a most likely value close to hydrostatic (λ = 0.4). The probability distribution function of the internal friction peaks be- Table 1 . As the basal pore pressure is most likely equal or higher than the internal one, basal frictions were reported for the case λ b = λ, providing a lower bound on the basal friction angle. The values of φ int and λ obtained from this analysis are mostly reasonable. For comparison, laboratory measurements of internal friction angles for most common quartzo-feldspathic rocks are generally in the range of 0.6 to 0.85 (Byerlee, 1978) . By contrast, the value of the effective basal friction is low and could point to either dominantly low friction minerals along the megathrust or high pore pressure. In a second step, to limit the trade-off among the model parameters, we run partial inversion fixing either the internal friction to a standard value (φ int = 35 • ) or the internal pore pressure ratio parameter to hydrostatic (λ = 0.4) (Fig. 7) . From the probability distribution as well as the best fit results reported in the supplementary material, Tables SM 2-1 and SM 2-2, the internal friction appears to be constrained to a narrower range, between 26 and 35 • , and the pore pressure ratio is confirmed to be hydrostatic excepted along the accretionary prism of the Valdivía segment where larger values are required. In order to provide a view of the spatial variations of the frictional properties, the best fitting effective basal friction of each section has been reported in Fig. 9 .
The effective basal friction is quite homogeneous in the accretionary prism of the Arauco and = 0.1). We show in the appendix that the analysis is robust despite the large uncertainty on the megathrust geometry. 
Spatial variations of frictional properties deduced from the limit analysis
Here we use the information available on the geometry and location of some splay faults to bring additional constraints on the frictional properties along the megathrust. To do so, we now apply the limit analysis approach (Chandrasekharaiah and Debnath, 1994; Salençon, 2002) . This approach is based on the principle of virtual powers and the theorem of maximum rock strength (Maillot and Leroy, 2006) . In this study, the Coulomb criterion is used to define the maximum rock strength. The method investigates all possible collapse mechanisms as a function of the frictional properties and selects the optimal one leading to the least upper bound to the tectonic force. The advantages compared with the critical taper theory are that there is no need to assume homogeneous mechanical properties nor that the wedge be at critical state. This method has previously been applied to retrieve frictions along the Nankai accretionary prism (Cubas et al., 2008; Souloumiac et al., 2009; Pons et al., 2013) and validated by comparison with analogue sandbox experiments (Cubas et al., 2013) . The analysis is analytical for simple geometries and numerical otherwise. The procedure presented by Souloumiac et al. (2010) is applied here.
As a test example meant to develop some intuition of the model prediction, we ran some simulations in which we assume a planar megathrust and a constant taper angle (Fig. 8 a to c) . We assume three segments with different but uniform basal friction along each. We choose an initial geometry so that the wedge is stable but close to critical in horizontal compression. The explored kinematics correspond to sliding along the full length of a portion of the megathrust with or without internal faulting within the wedge. Fully activated megathrust implies the formation of splay faults at the transition between the segments of different frictions. In the case of an increase of friction towards the trench, a backthrust forms at the transition (Fig. 8a) , whereas a decrease of friction leads to the formation of a forethrust (Fig. 8b) . A strong decrease can even lead to the formation of a normal fault (Fig. 8c) . Virtual velocities (Chandrasekharaiah and Debnath, 1994; Salençon, 2002) are provided in the supplementary material (Fig. S3) . Pons and Leroy (2012) studied the same prototype with two distinct regions on the megathrust and confirmed by analytical means that transition of frictions could lead to the formation of splay faults. We start with the modeling of the Santa Maria backthrust splay fault (Fig. 8d) . Since the fault is thought to be a pre-existing reactivated normal fault, the fault geometry is prescribed based on the geometry derived from structural and geophysical observations . Since the variations of the topographic and basal slopes are small compared to the wedge thickness, we simplify the geometry by assuming a constant megathrust dip angle 0.17). The limit analysis approach provides virtual velocities along each segment of faults. The ratio between the virtual velocities of two segments projected along their fault is assumed to be equal to the ratio of actual displacement between those segments. We find that to get about the right proportion between the vertical throw on the Santa Maria backthrust (1.6 m, Melnick et al., 2012) and the slip along the seismogenic zone below the island (6 m, Lin et al., 2013) The same analysis is now applied to the normal fault activated by the Pichilemu aftershock sequence which started two weeks after the Maule earthquake Farías et al., 2011) . We consider a pre-existent fault striking 70 • E (Fig. 8e) . The dé-collement dip angle is set to β = 19 • and two different topographic slopes were considered, one for the coastal area (α 1 = 0 • ) another for the shelf basin (α 2 = 1.5 • ) along a 120 km long wedge. This analysis is based on a quasistatic force balance and we do not take into account possible dynamic branching. The deformation of the Santa Maria backthrust fault is permanent and recurrent and the Pichilemu aftershock sequence occurs two weeks after the main event. Thus, activation of these splay faults has most probably resulted from a static stress change, justifying our static stress equilibrium analysis.
Discussion/conclusion
We now discuss how the mechanical state of the forearc and the inferred frictional properties compare with the coseismic rupture, afterslip and interseismic locking of the megathrust. We use the coseismic slip and afterslip models obtained by Lin et al. (2013) , from the joint inversion of geodetic, seismic, and tsunamic data (Fig. 9a) . We also refer to the coseismic slip of the 1960 Mw 9.5 Valdivía earthquake of Moreno et al. (2010) (Fig. 9a) and the interseismic strain accumulation model of Métois et al. (2012) (Fig. 9b) .
A striking result is that the rupture area of the Maule earthquake, and possibly of the 1960 Valdivía earthquake coincides with stable areas of the forearc and is surrounded with critical areas. The updip limit of the 2010 rupture coincide well with the maximal extent of the critical outer wedge. The coseismic slip due to the 1960 rupture seems to taper down quite abruptly beneath the critical outer wedge. We also observe that most of the wedge forearc seems critical in the Arauco Peninsula which separates the 1960 and 2010 ruptures, and in the area just North of the 2010 rupture. The few critical patches along the coastal cordillera also delimit the down-dip extent of the coseismic slip. Similarly, we observe that the megathrust beneath the stable areas of the forearc wedge was mostly locked in the interseismic period (Fig. 9b) . The comparison with the afterslip distribution is also instructing. Aseismic afterslip is observed downdip of the seismic rupture, below the Nahuelbuta range and seaward of the Arauco Peninsula (Lin et al., 2013) . The critical areas appear thus to surround the seismic rupture and to be correlated with areas of postseismic sliding. These observations support the claim that the propagation of a megathrust seismic rupture is probably inhibited where the hanging wall is in critical mechanical state, in particular beneath the outer wedge and downdip of the rupture zone, beneath the coastal area. Furthermore, the observed correlations are consistent with the notion that the forearc is stable above the seismogenic portions of the megathrust, while the updip rate-strengthening portion of the megathrust is maintained in critical state as a result of the stress transfer operated by coseismic and postseismic deformation Hu and Wang, 2008) . The critical state of stress in the coastal area would rather be maintained by interseismic stress build up as aseismic creep proceeds downdip of the coseismic rupture. According to this model, all the deformation is accommodated along the megathrust in the seismogenic zone, no deformation being transferred to the upper plate. This model would explain the correlation between forearc basins or regions with negative gravity anomalies (Wells et al., 2003; Song and Simons, 2003) and seismic asperities. On the other hand, in the creeping areas, the forearc is at or close to critical state, and as a consequence, a small fraction of the convergence has to be accommodated by the upper plate leading to coastal uplift, active faulting in the accretionary prism and thrusting at the transition from the inner to the outer wedge (Fig. 2) .
Since critical areas correlate well with aseismic zones, effective basal frictions along aseismic zones can thus be constrained thanks to the critical taper theory. Along the Arauco and Maule accretionary prism, according to the best fit results (Table 1 and Fig. 9c ), the effective basal friction ranges between μ eff aseis = 0.25 to 0.31 with a rather hydrostatic pore pressure ratio in the wedge. If the pore pressure along the megathrust is set equal to the pore pressure in the wedge, then the real static friction would range from μ aseis = 0.4 to 0.7, in good accordance with friction of clay deduced from laboratory experiments (Logan and Rauenzahn, 1987; Saffer and Marone, 2003; Moore and Lockner, 2004; Ikari et al., 2009) . A similar range of effective basal friction values (0.2 to 0.28) has been previously found in other studies of the Nankai, Aleutians and Oregon accretionary prisms (Lallemand et al., 1994) .
A stronger effective basal friction with hydrostatic pore pressure is found for the Arauco Peninsula and the Nahuelbuta Range (μ eff aseis = 0.4), an area suspected to be a recurrent barrier to the propagation of earthquakes. If the internal pore pressure is set equivalent to the megathrust pore pressure, then the static friction along the aseismic megathrust portion downdip of the Maule rupture area would be μ aseis = 0.7. This larger value is consistent with the fact that at these depth and temperature conditions (typically 400 • C at 40 km depth, Völker et al., 2011) there is no reason to expect the kind of clay units that may well account for low friction of the upper portions of the megathrust. The rate-strengthening behavior deduced from the postseismic and interseismic models (Lin et al., 2013; Métois et al., 2012; Moreno et al., 2010) associated with the large static friction, low pore pressure and the heterogeneous deformation might explain why the peninsula is acting as a recurrent barrier (Kaneko et al., 2010) .
If the frontal aseismic zone is rate-strengthening, then the effective basal frictions found in this study are most probably an average value of the higher friction most probably attained after megathrust rupture as the outer wedge is then brought closer to failure . Along the seismogenic zone, lower effective basal frictions are deduced thanks to the modeling of splay faults with the limit analysis approach (μ eff seis 0.14). Since the Santa Maria backthrust has been activated during the main event, and if we consider the normal sequence of Pichilemu as a consequence of the main shock, the seismogenic friction found is most probably representative of the effective dynamic friction. Different possible explanations can be advanced for the low values determined in this study. An intrinsically low friction is a possibility in principle. This explanation seems improbable as the static friction retrieved for the surrounding aseismic zones is generally larger, and already at the lower end of the range that can be explained with low friction minerals, i.e. the clays of the accretionary prism.
The low effective basal friction in the seismogenic zone could alternatively reflect a high basal pore pressure, either permanent or due to a dynamic increase by thermal-pressurization. Dynamic modeling of earthquake cycles would be suitable to investigate this question.
